The zoonotic outbreak of H7N9 subtype avian influenza virus that occurred in eastern China in the spring of 2013 resulted in 135 confirmed human cases, 44 of which were lethal. Sequencing of the viral genome revealed a number of molecular signatures associated with virulence or transmission in mammals. We report here that, in the guinea pig model, a human isolate of novel H7N9 influenza virus, A/Anhui/1/2013 (An/13), is highly dissimilar to an H7N1 avian isolate and instead behaves similarly to a human seasonal strain in several respects. An/13 was found to have a low 50% infectious dose, grow to high titers in the upper respiratory tract, and transmit efficiently among cocaged guinea pigs. The pH of fusion of the hemagglutinin (HA) and the binding of virus to fixed guinea pig tissues were also examined. The An/13 HA displayed a relatively elevated pH of fusion characteristic of many avian strains, and An/13 resembled avian viruses in terms of attachment to tissues. One important difference was seen between An/13 and both the H3N2 human and the H7N1 avian viruses: when inoculated intranasally at a high dose, only the An/13 virus led to productive infection of the lower respiratory tract of guinea pigs. In sum, An/13 was found to retain fusion and attachment properties of an avian influenza virus but displayed robust growth and contact transmission in the guinea pig model atypical of avian strains and indicative of mammalian adaptation.
O n 31 March 2013, three human cases of H7N9 influenza virus infection were reported to the World Health Organization (1, 2) . An outbreak ensued over the subsequent 2 months, with a total of 133 laboratory confirmed cases reported by the end of May. These apparently zoonotic transmission events took place in a broad region of eastern China, comprising eight provinces and the cities of Shanghai and Beijing (3) . One case was detected in Taipei but most likely had its source in Jiangsu, China (4, 5) . Although the vast majority of cases were associated with exposure to poultry, usually at live bird markets (6) , four clusters of two or more close contacts are suggestive of limited human-to-human transmission in these instances (3, 7) . Among the confirmed cases, the disease associated with H7N9 influenza virus infection was typically severe, with hospitalization required for all but a few of the laboratory confirmed infections (1, 8) .
Following the closure of live bird markets (9) and coinciding with the arrival of summer in the Northern Hemisphere, no new, confirmed, human cases of H7N9 infection occurred over a 6-week period from 22 May to 9 July. Three additional cases were, however, detected in July and August (10) , indicating that the H7N9 viruses are still present in avian populations and highlighting the potential for the outbreak to resume in the colder autumn months.
Full genome sequencing of a number of human and avian isolates of the novel H7N9 lineage was reported rapidly during the outbreak. These data revealed several mammalian adaptive polymorphisms in the viral genomes, including PB2 627K, HA 226L, HA 160A, HA 186V (H3 numbering), and a deletion in the NA stalk (1, 11) . The presence of genetic changes previously found to support viral growth in mammalian hosts may increase the poten-tial of the H7N9 viruses to transmit from human-to-human and is cause for concern.
In response to the H7N9 outbreak, a number of comprehensive studies have been carried out with the aim of characterizing the virus and assessing the risk of an H7N9 pandemic. The ferret model has been used by several groups to evaluate influenza virus pathogenicity and transmission. In general, mild disease on par with that seen with seasonal influenza viruses in ferrets was reported (12) (13) (14) (15) (16) . The Fouchier group did, however, note two instances of more severe disease in ferrets infected by a natural, respiratory droplet, route (14) , and intratracheal inoculation of ferrets was found to lead to fatal viral pneumonia (17) . Growth of H7N9 viruses in the ferret lung was assessed and ranged from inefficient (15) to robust (16) . Despite the lack of severe disease, clear pathological changes characteristic of bronchointerstitial pneumonia were reported (12, 16, 18) . Transmission among ferrets was found to be efficient by a contact route (12) and also occurred via respiratory droplets, but with more varied efficiency (12) (13) (14) (15) (16) 18) .
Evaluation of H7N9 virus pathogenicity and/or transmission has also been carried out in mice, pigs, and cynomolgus macaques. In mice, human H7N9 isolates showed robust growth and were lethal at moderate to high doses (13, 15, 16) . In pigs or minipigs, disease was mild or absent, viral growth was low to moderate, and transmission was not observed (12, 15) . In macaques, disease was typical of that seen with 2009 pandemic H1N1 influenza virus infection; however, the H7N9 viruses tested replicated efficiently in both the upper and the lower respiratory tracts, whereas human seasonal strains are normally confined to the upper respiratory tract in this species (15) .
To evaluate the H7N9 pathogenicity and transmissibility, we used the guinea pig system, which we described in 2006 as a highly useful mammalian model for the study of influenza virus infectivity, growth, and transmission (19) . A key advantage of the model, compared to mice, is that guinea pigs are highly susceptible to infection with human strains (requiring no prior adaptation) (19) (20) (21) . In addition, human influenza viruses show tissue tropism and kinetics of viral growth similar to those seen in uncomplicated influenza in humans (19, 22, 23) . Importantly, human influenza virus strains transmit among guinea pigs by contact and respiratory droplet routes, whereas swine-adapted and some highly pathogenic avian influenza viruses transmit poorly and lowpathogenicity avian strains do not transmit (19) (20) (21) (24) (25) (26) (27) (28) (29) (30) (31) . A disadvantage is that, to date, overt signs of disease have not been detected in influenza virus-infected guinea pigs. Nevertheless, rhinitis and bronchointerstitial pneumonia have been described (22, 32) . The utility of the guinea pig model is underlined by the fact that, since 2006, many additional labs have adopted it for the study of influenza virus transmission (33) (34) (35) (36) (37) (38) . Since no animal model is perfect, efforts to accurately model human disease are strengthened by the use of multiple animal species, and ideally by the development of practical models in which specific animals are used to model specific aspects of disease. Thus, the data reported herein are a valuable complement to recently published studies in macaque, ferret, swine, and mouse models.
MATERIALS AND METHODS
Ethics statement. The present study was performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Animal husbandry and experimental procedures were approved by the University of Georgia Institutional Animal Care and Use Committee (IACUC protocol A2013 05-030).
Biocontainment. All experiments with infectious A/Anhui/1/2013 (H7N9) virus were conducted under BSL3/ABSL3 enhanced containment at the Animal Health Research Center according to protocols approved by the institutional biosafety committee at the University of Georgia.
Cells. Madin-Darby canine kidney (MDCK) cells were used for virus titration by plaque assay and 50% tissue culture infective dose(s) (TCID 50 ). Baby hamster kidney-21 (BHK-21) Cells were used in the syncytium formation assay to determine pH of fusion. BSR-T7/5 cells (originally obtained from Karl-Klaus Conzelmann), and Vero cells were used for the luciferase reporter-based fusion assay.
Guinea pigs. Female, Hartley strain, guinea pigs weighing 250 to 300 g were obtained from Charles River Laboratories. Prior to intranasal inoculation, nasal lavage, or euthanasia, guinea pigs were sedated with a mixture of ketamine and xylazine (30 and 4 mg/kg, respectively). Inoculation and nasal lavage were performed as described previously (19) , with phosphate-buffered saline (PBS) as the diluent or collection fluid in each case.
Viruses. All viruses were amplified in 9-to 11-day-old embryonated hens' eggs, and titers were determined by plaque assay on MDCK cells. A/Anhui/1/2013 (H7N9) virus was kindly provided by Richard Webby (Saint Jude Children's Research Hospital). A/Panama/2007/1999 (H3N2) virus was generated by reverse genetics with wild-type plasmids, as previ-ously described (30) . A/rhea/North Carolina/39482/1993 (H7N1), A/duck/Ukraine/1963 (H3N8), A/duck/Alberta/35/1976, and A/turkey/ Oregon/1971 (H7N3) viruses were kindly provided from the collection of Peter Palese at the Icahn School of Medicine at Mount Sinai.
Guinea pig transmission experiments. To evaluate transmission, four guinea pigs were inoculated intranasally with 10 3 PFU of virus in 300 l of PBS. At 24 h postinoculation, each infected animal was placed in the same cage with one naive guinea pig. Standard rat cages with wire tops and filter lids were used. In accordance with containment protocols required for the H7N9 virus, each rat cage was housed in a ventilated, negativepressure ferret containment cage (Allentown). Nasal washes were collected from all eight guinea pigs on days 2, 4, 6, and 8 postinfection, as previously described (19) .
Determination of virus titers in guinea pig tissues. Nasal turbinate and lung tissue were collected from two guinea pigs per group at each time point. For guinea pigs infected with 10 3 PFU, turbinates were removed, and the mucosa was scraped from the right side of the nasal septum and placed in 1 ml of PBS. For lung tissue collection, ca. 25% of each right and left cranial, medial, and caudal lung lobe was removed and placed in 1 ml of PBS. For guinea pigs infected with 10 6 PFU, all turbinate and mucosal tissue was removed and placed in 1 ml of PBS. The entirety of the lung was placed in 3 ml of PBS. Tissues were then homogenized using disposable handheld tissue grinders (Fisher), and supernatants clarified by low-speed centrifugation. Virus titers were determined through 50% tissue culture infectious dose assay as previously described (39) , and titers were calculated using the Reed and Muench method (40) .
Determination of 50% infectious dose. Groups of four guinea pigs were infected intranasally with 1,000, 100, 10, or 1 PFU in 300 l of PBS. Nasal washings were collected on days 2 and 4 postinoculation, and virus therein was titrated by TCID 50 on MDCK cells. Productive infection was defined as detection of Ͼ10 TCID 50 /ml in nasal washings. The 50% infectious dose was calculated by the method of Reed and Muench (40) .
Histopathology. At necropsy the proximal trachea was clamped prior to opening the chest to keep the lungs inflated. The chest was opened, and the lungs were viewed in situ for lesions. The trachea was then severed above the clamp, and the trachea, lungs, and heart were removed. Approximately 25% of each right and left cranial, medial, and caudal lung lobe was removed and placed in medium for virus isolation. The lungs were then inflated with 10% buffered formalin via the trachea and immersed in 10% buffered formalin. The nasal cavity was opened by removing the bones dorsally. Once nasal tissue to be used for virus detection was removed, the head was then immersed in 10% buffered formalin. After fixation, the head was placed in Kristensen's decalcification solution for 24 h, rinsed, and returned to 10% buffered formalin. Sections of all six lung lobes, proximal and distal trachea, and six transverse sections through the nasal cavity were routinely processed and embedded in paraffin within 12 days of necropsy. All tissues were stained with hematoxylin and eosin and for influenza virus by immunohistochemistry (IHC). For immunohistochemistry, tissues were incubated with two anti-influenza A virus antibodies (mouse monoclonal antibody to NP protein, catalog no. C65331M [Meridian Life Sciences, Inc., Memphis, TN]; goat polyclonal serum, catalog no. B65141G [Meridian Life Sciences]) after antigen retrieval with proteinase K (Dako, Carpinteria, CA). Detection was with biotinylated secondary antibodies and horseradish labeled-streptavidin (4 Plus; Biocare, Concord, CA) with diaminobenzidine as the chromogen, and sections were counterstained with Mayer's hematoxylin.
Nasal cavity changes were scored by the degree of intraepithelial and lamina proprial inflammation (0 ϭ none, 1 ϭ mild, 2 ϭ moderate, and 3 ϭ severe) and mucosal epithelial cell necrosis (0 ϭ none, 1 ϭ Ͻ10%, 2 ϭ Ͻ50%, and 3 ϭ Ͼ50%) in most severely affected areas at ϫ400 for a total score of 6. Immunohistochemistry for influenza virus was scored 0 to 3 in areas of greatest immunopositivity based on the number of epithelial cells staining in positive ϫ400 fields and the intensity of that staining compared to the positive control (pig infected with H1N1): 0 ϭ no stain-ing, 1 ϭ rare cells, faint staining; 2 ϭ Ͻ50%, moderate to intense staining; and 3 ϭ Ͼ50%, moderate to intense staining.
Histological evaluation of virus attachment. Virus binding to guinea pig tissues was carried out essentially as described before for other species (41) . In brief, following concentration through a 30% sucrose cushion and inactivation with 0.05% formaldehyde, viruses were labeled with an equal volume of 0.1 mg of fluorescein isothiocyanate (FITC; Sigma)/ml in bicarbonate buffer. Uninfected guinea pig tissues (n ϭ 2 guinea pigs) were extracted, formalin fixed, paraffin embedded, and sectioned. Paraffin was removed from the tissues with xylene and hydrated using an alcohol gradient. Tissues were incubated with appropriate FITC-labeled viruses overnight at 4°C at a titer of 5 hemagglutinin (HA) units/100 l. The FITC label was detected with horseradish peroxidase-labeled rabbit anti-FITC antibody (Dako). The signal was amplified with a tyramide signal amplification system (Perkin-Elmer). The peroxidase was revealed with 3amino-9-ethyl-carbazole (Sigma), producing a red precipitate. Tissues were counterstained with Mayer's hematoxylin and embedded in Kaiser's glycerol gelatin (Merck). Attachment of influenza virus was visualized by light microscopy as a red precipitate on the surface of epithelial cells.
Determination of fusion pH. HA-mediated membrane fusion was examined using two independent assays, a qualitative syncytia assay and a quantitative cell-cell fusion luciferase reporter assay, both of which were performed as described previously (42) . Briefly, for the syncytia assay, BHK-21 cells were transfected with 1.0 g of HA plasmid using Lipofectamine (Invitrogen), according to the manufacturer's recommendation. At 16 to 18 h posttransfection, cells were washed with PBS and treated with 5 g of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-trypsin (Sigma)/ml at 37°C for 15 min, followed by treatment with 20 g of soybean trypsin inhibitor/ml at 37°C for 30 min. Trypsin-treated HA-expressing cells were subsequently exposed to 1.0 ml of PBS that had been pH adjusted using 100 mM citric acid to the indicated pH and incubated at 37°C for 5 min. The pH-adjusted PBS was removed, and the cells were neutralized by the addition of growth medium and incubated at 37°C for 2 h to allow syncytium formation. Cells were then stained with a Hema3 Stat Pak (Fisher, USA) according to the manufacturer's recommendation. Syncytia were visualized and photographed using a Zeiss Axio Observer inverted microscope with attached digital camera.
For the luciferase cell-cell fusion assay, Vero cells were cotransfected with 1.0 g of HA plasmid and 1.0 g of a plasmid expressing firefly luciferase under the control of the T7 bacteriophage promoter using Lipofectamine (Invitrogen), according to the manufacturer's recommendation. At 16 h posttransfection, cells were washed once with PBS and treated with 5 g of TPCK-trypsin/ml at 37°C for 30 min. Trypsin-treated HA-expressing cells were subsequently overlaid with BSR-T7/5 target cells, which constitutively express the bacteriophage T7 RNA polymerase. After 1 h at 37°C, the cells were washed with PBS, exposed to 1.0 ml of PBS that had been pH adjusted using 100 mM citric acid to the indicated pH, and incubated at 37°C for 5 min. After the removal of pH-adjusted PBS, HA-expressing cells were neutralized with growth medium and incubated at 37°C for 6 h to allow for HA-expressing cells to fuse with BSR-T7/5 cells, mediating transfer and expression of the T7-luciferase plasmid in BSR-T7/5 target cells. At 6 h postneutralization, the cells were washed with PBS, lysed with 0.5 ml of reporter lysis buffer (Promega), and clarified of cell debris by centrifugation at 15,000 ϫ g at 4°C. From each lysate, 150 l was transferred to a 96-well plate (white polystyrene; Corning), and the luciferase activity was quantified by using a BioTek Synergy 2 Luminometer, with 50 l of luciferase assay substrate (Promega) injected into each sample.
RESULTS
Transmission among cocaged guinea pigs. Toward evaluating the risk of human-to-human spread of the novel H7N9 influenza viruses, we tested the transmissibility of An/13 by a contact route in the guinea pig model. The human seasonal strain A/Panama/ 2007/1999 (H3N2) [Pan/99], which we have previously shown to transmit efficiently among guinea pigs (19, 21, (27) (28) (29) (30) (31) 43) , was used as a positive control and a low-pathogenicity avian influenza virus, A/rhea/North Carolina/39482/1993 (H7N1) [rhea/NC], was used in parallel as an H7 subtype avian virus control. Since there are few published data on low-pathogenicity avian influenza viruses in the guinea pig model, we furthermore included the results of previously performed contact transmission experiments with A/duck/Alberta/35/1976 (H1N1; dk/AB) and A/duck/ Ukraine/1963 (H3N8; dk/Ukr) viruses. In each case, four guinea pigs were inoculated intranasally with 10 3 PFU (or 10 4 PFU in the case of dk/AB virus). One day after inoculation, a naive guinea pig was placed in the same cage with each infected guinea pig. On days 2, 4, 6, and 8 postinoculation, nasal washings were collected from all eight guinea pigs in order to monitor for transmission and track viral growth in the nasal passages.
As shown in Fig. 1 , the human seasonal Pan/99 virus was shed into nasal washings at high titers (ϳ10 6 TCID 50 /ml at the peak of shedding, day 2 postinfection) and transmitted to all four contact guinea pigs, as expected. The H7N9 subtype An/13 strain exhibited higher nasal wash titers than Pan/99 virus and was also transmitted to all four exposed cagemates. In contrast, the rhea/NC, dk/AB, and dk/Ukr avian influenza virus controls were shed at markedly lower titers than Pan/99 virus and did not transmit.
Susceptibility of guinea pigs to infection. The minimal dose of virus required to initiate a productive infection is likely a key determinant of transmission efficiency. We therefore determined the 50% infectious dose (ID 50 ) of An/13 and rhea/NC viruses in guinea pigs. Groups of four guinea pigs were infected intranasally with 10-fold serial dilutions of virus and nasal washes were collected on days 2 and 4 postinoculation to identify animals infected productively. The ID 50 of An/13 was found to be 3 PFU, comparable to that previously re- ported for Pan/99 virus in guinea pigs (19) . In contrast, the ID 50 of rhea/NC virus was ϳ6-fold higher, at 17 PFU.
Viral tropism within the guinea pig respiratory tract. Since the novel H7N9 viruses have led to severe lower respiratory tract disease in the majority of confirmed human cases, we wanted to evaluate the relative potential of Pan/99, An/13, and rhea/NC viruses to replicate in the tissues of the upper versus lower respiratory tracts. To this end, guinea pigs were first infected intranasally with 10 3 PFU of Pan/99, An/13, or rhea/NC viruses. Nasal turbinate and lung tissues were collected from two guinea pigs on day 2 and an additional two guinea pigs on day 4 after infection. Viral growth was evaluated by preparing homogenates of each tissue and titrating the supernatant by TCID 50 in MDCK cells. As summarized in Fig. 2 , all three viruses showed productive infection of the nasal turbinates, with titers comparable to those obtained by nasal lavage. After infection with 10 3 PFU, however, none of the three viruses established infection in the lung. Staining for viral antigen within fixed sections of nasal turbinate and lung confirmed these findings: staining was seen in the nasal turbinates of both guinea pigs infected with An/13 and Pan/99, and one of two guinea pigs infected with rhea/NC (Fig. 3 ) on day 2 postinfection, whereas a lack of staining was observed in the lungs of each animal tested. The most robust staining was observed in guinea pigs infected with An/13. Growth in the lung was then evaluated after inoculation with a high dose of 10 6 PFU of Pan/99, An/13, or rhea/NC viruses. To confirm that the intranasally applied inocula were reaching the lung, in this experiment we furthermore collected tissues on day 0, as well as days 2 and 4. As shown in Fig. 2 , all three viruses were detected in the lungs directly after inoculation. Nevertheless, neither Pan/99 nor rhea/NC viruses established infection in the lung even from the 10 6 dose. The day 2 and 4 lung titers obtained with the An/13 strain did, however, indicate growth in the lower respiratory tract. Pathology and immunohistochemistry within the guinea pig respiratory tract. Histopathology and influenza virus antigen staining in nasal, tracheal and lung tissues were evaluated for guinea pigs infected with 10 3 PFU of An/13, Pan/99 or rhea/NC viruses. The resultant lesion and immunohistochemistry scores are reported in Table 1 .
In the nasal cavity, microscopic changes were almost entirely confined to respiratory epithelial regions and rarely adjacent squamous epithelium of the vestibule or olfactory epithelium (Fig. 3) . The severity of changes was most severe in guinea pigs infected with An/13 and least severe in animals infected with rhea/ NC. Changes included mild to severe intraepithelial and lamina proprial inflammation and mild to severe epithelial cell layer vacuolation on day 2 postinfection, along with regeneration on day 4 postinfection. Lesions were multifocal and varied in severity within an individual animal. Inflammation on day 2 postinfection was heterophilic and admixed with mild to moderate numbers of eosinophils and lymphocytes. By day 4, inflammation was more lymphocytic and plasmacytic, necrosis was subsiding, and there were multifocal regions of epithelial regeneration where previously denuded areas of necrosis are replaced by one to three layers of nonciliated cells with mitoses.
Immunopositivity for influenza virus was only detected in the nasal cavity and was primarily detected in respiratory epithelium and was seen predominantly in areas of inflammation and necrosis ( Fig. 3) . Limited staining was observed in adjacent squamous epithelium and was rare and faint in the olfactory region of only one animal. Immunopositivity was most pronounced on day 2 postinfection and in animals infected with An/13. Staining was negligible in those animals infected with rhea/NC. Very little staining was present on day 4 and was present only in the animals infected with Pan/99. Virus binding to guinea pig respiratory and olfactory tissues. Viral attachment is an important determinant of the cell and tissue tropism of influenza viruses in animals. Although the guinea pig model is increasingly used to study the growth and transmission of influenza viruses in a mammalian host, the tissues to which these viruses bind in guinea pigs are not fully understood. To gain a better understanding of influenza virus binding in guinea pig tissues and to compare the attachment patterns of the An/13 virus to our human and avian control viruses, we used a virus histochemistry-based technique (26, 41, 44, 45) . Thus, the binding of Pan/ 99, An/13, rhea/NC, and dk/Ukr viruses to fixed sections of nasal turbinate, trachea, bronchioles, and alveoli was assessed. Since the airways in the guinea pig lungs are not lined by cartilage, bronchus was not included. The results are summarized in Table 2 and illustrated in Fig. 4 with representative images of selected tissues. The attachment pattern of the An/13 virus was comparable to that of the avian strains, rhea/NC and dk/Ukr. The only consistent differences among these three viruses were (i) less attachment of An/13 to the respiratory epithelium of the nasal cavity compared to rhea/NC and dk/Ukr and (ii) lower levels of attachment of both H7 subtype viruses (An/13 and rhea/NC) compared to dk/Ukr at the level of the bronchioles. The Pan/99 (H3N2) human strain, in contrast, showed a number of differences in binding relative to the avian and H7N9 isolates. These differences included markedly decreased binding to tracheal cells and alveolar epithelial cells, including both type I and II pneumocytes, and a lack of binding to the cells of the bronchioles. Thus, overall, the human influenza virus studied attached mainly to the upper respiratory tract, while the avian strains, including An/13, bound throughout the respiratory tract of the guinea pig.
In general, all viruses also attached to endothelial cells of the larger blood vessels and the capillaries in the alveolar wall. Although not likely to be important during infection (since endothelial cells are not exposed to influenza viruses), this characteristic is unique to guinea pigs among the mammalian species examined to date by this method (41, 44) .
pH of fusion of viral HA proteins. The pH at which the HA protein is triggered to undergo conformational changes leading to fusion has been found to differ between avian and mammalian adapted influenza viruses (42) , and this viral property has been found to be important for transmission (46, 47) . We therefore tested the pH of fusion of the An/13 HA, compared to those of the Pan/99, rhea/NC, and tk/OR HA proteins. Two independent assays were used. In the first assay, the formation of syncytia in BHK cells transiently expressing each of the HA proteins was evaluated microscopically after incubation in buffers of decreasing pH. In the second assay, Vero cells expressing HA and carrying a T7-driven luciferase plasmid were overlaid with BSR-T7/5 cells prior to incubation in buffers of decreasing pH; luminescence in cell lysates was measured as an indicator of fusion. The highest pH values at which syncytia were observed and at which luciferase was detected were taken as the pH of fusion in each assay, respectively. In general, the results of both assays were in close agreement for all four HAs tested (Fig. 5) . The fusion pH for the An/13 HA was 5.8, higher than that of the Pan/99 HA (5.5) and HA proteins characterized previously from human influenza viruses (42) . This relatively high pH of fusion for An/13 was similar to those observed for avian influenza viruses: at pH 6.0 and 5.6, respectively, the tk/OR and rhea/NC HA proteins tested here bracket the range observed previously for avian virus HAs of various subtypes (42) .
DISCUSSION
Influenza viral growth and transmission in the guinea pig model is generally representative of the available epidemiological data in humans. Characterization of the novel H7N9 isolate, An/13, in this animal model has demonstrated that this avian-like virus is already partially adapted to a mammalian host: titers of An/13 in the URT exceeded those of the human isolate Pan/99 and transmission proceeded with high efficiency among cocaged guinea pigs ( Fig. 1 and Table 3 ). These results reinforce data generated by others in the ferret model: in ferrets, An/13 was shed at high titers in nasal washes and transmitted efficiently by contact (12) . A number of groups have also tested respiratory droplet transmission in ferrets, with various results: with the An/13 strain transmission to as many as 6/6 and to as few as 1/3 exposed ferrets was reported (12) (13) (14) (15) (16) 18) . We attempted respiratory droplet transmission experiments in guinea pigs with An/13 and Pan/99 viruses. However, due to the need for BSL3-enhanced containment for this work and the lack of an environmental chamber in our BSL3 facility, we were not able to perform these experiments under tightly controlled environmental conditions and transmission was not observed with either virus (data not shown). Temperature and humidity levels present during the respiratory droplet transmission experiment spanned 20 to 23°C and 44 to 62% relative humidity and were similar to conditions that we have previously shown to prevent respiratory droplet transmission of Pan/99 virus 
ϩϩ ϩϩ ϩϩ ϩϩ ϩ/-ϩϩ ϩ a All viruses included in this study attached also to endothelial cells of larger blood vessel and blood capillaries in the alveolar walls. b Symbols indicate the following prevalence of positive cells: -, Ͻ1% cells positive for virus attachment; -/ϩ, Ͻ10% cells positive for virus attachment; ϩ, Ͻ50% cells positive for virus attachment; ϩϩ, Ͼ50% cells positive for virus attachment. NP, none present. (43) . This lack of transmission, even for Pan/99 virus, highlights the importance of humidity and temperature to respiratory droplet transmission and underscores the value of running positivecontrol samples in parallel when studying transmission. We have also previously shown that contact transmission of Pan/99 virus is relatively insensitive to the effects of temperature and humidity (28) . Growth in the lung of guinea pigs was unique to An/13 among the strains tested: neither Pan/99 nor the avian H7 rhea/NC established infection in the LRT. This finding is reflective of the lower respiratory disease seen frequently among individuals with confirmed H7N9 virus infection. It is interesting that a high dose was required to initiate viral growth in the lungs of guinea pigs. LRT infection of ferrets and macaques has also been reported, and in both species high doses (10 5 to 10 7 PFU or TCID 50 ) were used for inoculation (12) (13) (14) (15) (16) (17) . It is possible that, also in humans, high doses of H7N9 virus underlie the severe disease seen in hospitalized patients.
Viral growth in the LRT of mammals has previously been attributed to changes in receptor binding preferences of the HA protein (26) . Our data suggest that this mechanism does not, however, account for the differing phenotypes of An/13 and rhea/NC viruses in the guinea pig LRT. Attachment to the cells and tissues of the guinea pig respiratory tract was found to be similar among An/13, rhea/NC, and dk/Ukr viruses. A similar discrepancy between attachment and productive infection has been previously observed with H5 subtype influenza virus strains, such that lowpathogenicity avian influenza viruses of H5N9 and H6N1 subtype displayed a similar pattern of viral attachment to human respiratory tract to that of H5N1 virus, even though low-pathogenicity avian influenza viruses rarely infect or cause disease in humans (41) . Thus, the ability of the H5N1 virus or the H7N9 virus to attach to human respiratory tract cells is not sufficient to explain the ability of this virus to infect and induce disease in humans.
The binding of avian and human influenza viruses to sections of guinea pig respiratory tissues herein represents an important in-depth characterization of influenza virus receptors in the guinea pig. Both human and avian viruses were found to bind to respiratory and olfactory epithelia of nasal passages, whereas attachment to the tracheal, bronchiolar, and alveolar surfaces was largely limited to the avian strains. Compared to the results of staining with Maackia amurensis agglutinin II (MAA II) and Sambucus nigra agglutinin (SNA) lectins for the detection of ␣2,3and ␣2,6-linked sialic acids, respectively, similarities and differences are apparent. Lectin staining of guinea pig tissues revealed mainly ␣2,3-linked receptors in the lung and a mixture of ␣2,3and ␣2,6- linked receptors in nasal respiratory epithelia, a finding consistent with the virus binding data (35, 48, 49) . Differences were seen in the nasal olfactory epithelia (bound only by MAA II [35] , but both human and avian viruses) and trachea (bound by both MAA II and SNA [48] , but only avian viruses). These differences could, of course, be due to differences between the precise glycans targeted by the avian viruses used versus MAA II and the human virus used versus SNA. It is interesting to note the similarities between the attachment patterns of An/13 virus in guinea pig and human tissues: in both species, binding was abundant in tissues of the upper and the lower respiratory tracts (49) .
When interpreting HA attachment data, it is important to note that, if a given cell type is positive for binding, this does not mean that it is permissive for productive infection. Attachment is critical to the viral life cycle, but the target cell must also support a number of subsequent viral processes (e.g., replication of the genome) to be permissive for infection. This distinction most likely underlies differences between the pattern of H7N9 virus attachment to fixed human respiratory tissues (13, 15) and tropism seen after infection of viable human lung cells (16, (50) (51) (52) (53) (54) .
Using glycan arrays (13, 15) or alternative in vitro binding assays (16, (50) (51) (52) , others have observed binding of An/13 to both ␣2,3and ␣2,6-linked sialic acids, which is atypical of avian and human influenza viruses.
We also assessed the binding of An/13 to arrays from the Center for Functional Glycomics and obtained similar results to those published (data not shown). The HA of An/13 and similar H7N9 viruses appears to be intermediate between human and avian influenza virus HA proteins in terms of the receptor-binding properties (50, 55) . Importantly, the H7N9 virus HA proteins do not currently show the extent of human adaptation characteristic of historical pandemic strains (56) (57) (58) (59) (60) .
In addition to receptor binding specificity, the pH at which the influenza virus HA protein mediates membrane fusion has been found to be an important determinant of host adaptation and transmission (42, 46, 47, 61, 62) . In general, influenza viruses adapted to avian hosts have a higher pH of fusion than those adapted for circulation in humans (42, 47) . The lower fusion pH of human strains equates to greater stability of the HA protein in its prefusion conformation, a property that is thought to be im- 1.0 g of each HA plasmid as indicated, and HA protein was activated by the addition of TPCK-trypsin. Photomicrographs corresponding to the pH unit at which syncytia were observed and 0.1 pH unit higher are shown. (B) Luciferase reporter gene assay for fusion. Vero cells were cotransfected with 1.0 g of the relevant HA plasmid and 1.0 g of T7-Luciferase plasmid. HA-expressing Vero cells were overlaid with BSR-T7/5 target cells that constitutively express T7 RNA polymerase. Cell monolayers were pulsed with pH-adjusted PBS in 0.2 pH unit increments at the indicated pH and then were neutralized. Luminescence was measured as an indicator of membrane fusion. The graphs show the mean background-adjusted relative luminescences (Ϯ the standard deviations) as a function of pH obtained from three independent experiments.
Transmission of Influenza A Virus (H7N9) in Guinea Pigs portant for the transmission of influenza viruses via respiratory droplets (61, 62) , particularly given the relatively acidic nature of nasal passageways in response to inflammation or infection (63, 64) . In line with our results, Xiong et al. found that the An/13 HA possessed a relatively high pH of fusion using an assay based on the susceptibility of HA to proteolysis (50) . The high fusion pH of An/13 virus is characteristic of avian influenza virus strains and may play a role in limiting the transmission efficiency of this virus by respiratory droplet (12) (13) (14) (15) .
In sum, An/13 virus displays a number of mammalian adaptive traits, including efficient replication and transmission in the guinea pig model; nevertheless, this virus retains certain characteristics of avian influenza viruses which may, barring further adaptation, limit its potential for sustained human-to-human transmission. 
